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The environment and life history strategies  
 
Organisms vary in many aspects of their lives. These variations have intrigued ecologists and 
animal biologists for centuries even before the popular theories of ‘inheritance of acquired 
characteristics’ proposed by Jean-Baptiste Lamarck in 1801 and the ‘theory of natural selection’ 
by Charles Darwin in 1859 and Alfred Russel Wallace (Darwin 1859, Burkhardt 2013). From the 
broader concepts introduced by these pioneer biologists to more specific theories, be it in the fields 
of comparative physiology, life history or behavioral ecology is a general acknowledgment that 
the environment is a major part of the equation. Many animals are exposed to fluctuations in the 
deterioration and renewal of their environments (Nelson et al. 1990). How and to what extent 
environmental variation influences an organism’s behavior, physiology and morphology have 
formed a basis of many ecological and evolutionary studies and is a fundamental question in 
evolutionary biology. Environmental variability encompasses two non-exclusive types: spatial 
heterogeneity, where conditions are changing across space, and temporal variation, in which 
organisms face different environmental conditions in time within the same environment (Price et 
al. 2013). Spatial and temporal variation in environmental factors often means that also the costs 
and benefits of engaging in the different life history activities vary in space and time; hence, no 
single behavioral and/or physiological phenotype will be consistently optimal (Ricklefs and 
Wikelski 2002). In the face of changing environmental conditions, natural selection favors 
individuals that interact with the environment in a way that increases fitness (Stearns 1992). 
Consequently, selection should favor individuals that possess mechanisms permitting them to 
detect and respond to cues that predict impending relevant changes in the environment (Hahn and 
MacDougall-Shackleton 2008). To cope with these changes, animals may migrate to areas with 
more favorable environmental conditions while residents adjust through adaptive behavioral and 
/or physiological changes in direct response to the environmental changes. While our 
understanding of adaptation in seasonal predictive environments has considerably progressed both 
theoretically and empirically over the past decades (Perrins 1970, Martin 1987, Sheldon and 
Verhulst 1996, Ricklefs and Wikelski 2002, Wikelski et al. 2003, Visser et al. 2012), how birds 
adapt to and cope with unpredictable stochastic environments remains poorly understood despite 
the pioneering studies of Moreau (1944) and Skutch (1949). Contrary to seasonal breeding in 
temperate zones, Skutch (1949, 1966) and Moreau (1950) observed that nesting in tropical birds 
occurred throughout the year and breeding seasons of particular species tended to be vague. Skutch 
(1949) also noted that tropical birds lay smaller clutches than temperate birds. Following the 
studies by Skutch and Moreau, majority of the tropical studies have focused on explaining timing 
of breeding (Brown and Britton 1980, Hau 2001, Wikelski et al. 2003, Ndithia et al. 2017a) and 
clutch size variation (Lack 1947, Skutch 1985, Ricklefs and Wikelski 2002), but there is need for 
a better understanding of how birds adapt to the stochastic aseasonal environments. 
 
“Despite the fact that about 80% of passerines breed in the tropics, more behavioral ecology 
papers have been published on the Red‐winged blackbird Agelaius phoeniceus, than for all 
tropical bird species combined” 





Adaptations of birds to a stochastic non-seasonal environment  
Even under stochastic environments, birds have to match breeding, molt and associated 
behavioural and physiological adjustments to optimal environmental conditions (Lack 1950, Hau 
2001, Ricklefs and Wikelski 2002, Freed and Cann 2012). Two major environmental factors that 
determine what adaptive mechanisms would be favored in an environment are the amplitude of 
the fluctuations and the precision within which these fluctuations occur each year (its 
predictability) (Lofts and Murton 1968, Hau 2001, Bleuven and Landry 2016). Under different 
environmental predictability regimes, even life history phenologies of the same species have been 
shown to differ. For example in East Africa, the irregular timing of the onset of rain, induces the 
red-billed quelea Quelea quelea to breed erratically from year to year while in West Africa, where 
the onset of the rainy season is more consistent each year, the quelea display a predictable breeding 
season (Nelson et al. 1990). Under predictable environments, birds are more likely to match their 
phenotypes to the environments through phylogenetic history and/or adaptive phenology through 
anticipatory gene regulation or the maintenance of past events in memory (Brown 1980, Helm and 
Gwinner 1999).  
Alternatively, birds may adjust their phenotype to match prevailing environmental 
conditions through phenotypic plasticity (Guenther and Trillmich 2013). Plasticity encompasses 
the flexibility in morphology, behaviour, life history and physiology (Piersma and Drent 2003). 
Under unpredictable stochastic environments, birds may favor phenotypic plasticity in that the 
same individual bird experiencing different environmental conditions could, by virtue of this 
plasticity, generate quite different and highly appropriate phenotypes in those different 
environments (Hahn and MacDougall-Shackleton 2008). Phenotypic plasticity is not characteristic 
of only non-seasonal environments. Even in seasonal environments, resultant of climate change 
many bird species have been shown to track changes in the spring phenology through phenotypic 
plasticity by advancing their migration and breeding schedules (Merilä and Hoffmann 2016). Even 
within the same species, individuals occupying unpredictable environments can display 
phenotypic plasticity as we previously showed in Red-billed quelea (Nelson et al. 1990). Similar 
to the Red-billed quelea, when faced with a predictable environment Australian zebra finches 
Taeniopygia guttata breed seasonally, but in unpredictable environments they show plasticity in 
breeding schedule and breed opportunistically by keeping their reproductive organs in a near-
functional state in order not to miss narrow periods ideal for breeding despite this being a costly 
strategy (Perfito et al. 2007). 
 
Earlier work setting the context for this thesis  
This thesis builds upon the work initiated by Ndithia et al. (2017a, b) investigating the timing of 
breeding, nestling growth and immune function in Red-capped lark Calandrella cinerea, in 
relation to spatiotemporal variation in weather conditions and food resources in a tropical 
environment. Contrary to expectations, Ndithia et al. (2017a) showed that neither current weather 
patterns nor food availability could explain the timing of breeding. Instead, they observed a highly 
unpredictable and irregular variation in environmental variables, invertebrate biomass, and 
breeding of Larks, among months and among years. Despite the highly unpredictable stochastic 
environmental conditions, Red-capped larks breed year-round (Ndithia et al. 2017a). However, 
despite year-round breeding, body mass and size at hatching, and rate of growth were influenced 
by social-environmental conditions (Ndithia et al. 2017b) which suggest the environment is not 
always optimal and point to likely direct and indirect relationships between environmental factors 
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The discrepancy between the timing of breeding, and the environmental conditions Ndithia et al. 
(2017a) investigated may point to three possible explanations. The first explanation I propose is 
that even though the environmental factors vary in a stochastic and unpredictable manner, their 
amplitude is within the range that can always support breeding and therefore they are not the main 
drivers in timing of breeding. Rather, as Ndithia et al. (2017a) suggested, occurrence of breeding 
and possibly other phenotypic adjustments are under stronger influence of other drivers such as 
nest predation levels or disease risk, or organismal mechanisms such as body condition or immune 
function of the birds (Chmura et al. in press).  For instance, nest predation, the major cause of nest 
failure in most bird species is said to be higher in tropical environments than in higher latitude 
areas (Skutch 1949, Martin 1993 a, b). Insights into nesting success at different times of the year 
and/or under different environmental conditions in this system may help understand the causes and 
consequences of breeding at different times, by shifting the focus from the number of breeding 
birds to the success of their nests. Additionally, tropical areas are characterized by higher parasite 
diversity and pathogen pressures compared to their temperate counterparts (Salkeld et al. 2008). 
Consequently, investment in immune function hypothesized to represent a trade-off with other 
energetically expensive life-events (Sheldon and Verhulst 1996) dependent on infection risk might 
exert a higher selective pressure to breeding than resource availability.  Integrating physiological 
measures reflective of the level of other environmental threats such as immune indices indicative 
of pathogen pressure and disease risk (Horrocks et al. 2011, 2012) can lead to a better 
understanding of how individuals allocate resources in these equatorial zones despite year-round 
breeding. 
Secondly, it may be that birds in these unpredictable stochastic environments adjust their 
phenotype through behavioural and/or physiological mechanisms to enable them to breed at all 
times irrespective of prevailing environmental conditions (Guenther and Trillmich 2013). For 
instance, Ndithia et al (2017b) found that nestling body mass and size at hatching in Red-capped 
larks were lowest in the more arid area reflective of lower resource availability and consequently 
lower investment of the females to eggs but nestlings in the arid areas grew faster than in the more 
resource rich cool and wet areas. This may suggest that females in arid areas may compensate for 
food shortage through a behavioral adjustment by increasing their feeding rate or alternatively 
exploiting larger areas to search for food. Similar to possible behavioral adjustments to buffer or 
reduce effects of resource variation, quantifying variation in abundance of food and/or 
environmental factors influencing resource availability does not account for species phenotypic 
adjustments to resource and/or environmental changes. It is well-established by both theoretical 
and empirical studies that birds accumulate body reserves in preparation for food scarcity or before 
engaging in breeding (Ekman and Hake 1990, Cuthill 2000) and birds in good condition are likely 
to have higher reproductive success independent of breeding time (Nilsson and Svensson 1993). 
Understanding behavioral and physiological adjustments rather than just quantifying 
environmental factors can, therefore, provide more insights into Red-capped Lark interaction with 
the environment, and a better understanding on strategies and mechanisms used by the birds to 
enable year-round breeding despite spatial-temporal changes of the environment.  
Alternatively, the currently reported discrepancy between the timing of breeding, weather 
patterns and food availability (Ndithia et al. 2017a) could be indicative of a mismatch between the 
phenotype and the environmental conditions (Visser et al. 2012). Studies conducted in East Africa 
in the past reported seasonal changes in weather between a dry season and two rainy seasons 
(Brown 1980, Helm and Gwinner 1999). Of particular interest to our study, Brown (1980) in the 
most comprehensive analysis of nest records in East Africa to date covering the period 1961-1976, 
reported that breeding was seasonal. Given that equatorial East Africa was considered seasonal, 
(Brown 1980, Helm and Gwinner 1999), observed life history schedules and phenotypic changes 
may have been shaped by adaptation to predictably changing environmental conditions through 
adaptive specialization and/or phylogenetic history. For instance, African stonechats from Kenya, 
close to the equator, where the photoperiod is nearly constant, are responsive to photoperiodic 
changes (Helm and Gwinner 1999) which may suggest the presence of a genetically programmed 
mechanism (Versteegh et al. 2014). Considering the crucial role of matching life history stages 
(especially breeding and molting) with favorable weather conditions, food and con-specific 
activities to enhance fitness, is the reported asynchrony between breeding and environment factors 
reflective of a mismatch with current environmental factors? With the current interest in how 
global climate change may affect different populations, studying these stochastic environments 
can serve as model systems to study how/if birds adapt to different environments and/or cope with 
the observed disrupted fit between fixed annual programs and environmental unpredictability.  
In my thesis, I explore these alternatives by investigating if/how the stochastic environment 
influences temporal variation in nest success, and whether Red-capped larks adjust their phenotype 
through behavioral space use and physiological adjustments of body mass and immune function 
to adapt to the stochastic environment. I also test whether variation in body mass and immune 
function follows the historical seasonal or a stochastic pattern reminiscent of current 
environmental variation. 
This will provide an important step towards a better understanding of life history strategies 
in these unpredictable stochastic environments that are suggested to have differences in cue-use 
and responses to environmental drivers as compared with their much studied high latitude 
counterparts. The stochastic nature of near-equatorial tropical areas with occurrence of year-round 
breeding provides “natural experiments”, offering an opportunity to tease apart effects of 
environmental factors and life history stages in natural populations in influencing behavior and 
physiological condition of birds. This is an important step because thus far the majority of studies 
focused on temperate zone environments where seasonal changes of weather and associated 
resources are highly correlated and synchronized with energetically intensive life history events 
such as breeding and molting. In such seasonal temperate zone environments it is impossible to 
tease apart independent effects of different environmental factors on nest survival, behavior, body 
condition and immune function independent of each other.   
 
A brief description of the study area and study species 
Following pioneering studies initiated by Tieleman and her students (Horrocks et al. 2012, Ndithia 
et al. 2017a), Red-capped Larks in Kedong, Kenya, have been shown to be an excellent system to 
study birds’ adaptations and responses to a non-seasonal stochastic equatorial environment. 
Red-capped Larks are small gregarious birds found in short-grass and bare-ground habitats 
widely distributed across Africa (Zimmerman et al. 2005). They feed on a variety of insects and 
seeds (Ndithia et al. 2017a, Mwangi et al. 2018). Males and females form pairs during breeding 
but interact in mixed-sex flocks when not breeding. Pairs build ground-level open-cup nests and 
typically lay two eggs per clutch. Clutch size is usually two eggs but 1–3 egg clutches occur 
occasionally (Ndithia et al. 2017a). The female incubates eggs for 12–14 d with nestlings leaving 
the nest at around the age of 10 days. We studied Red-capped Larks Calandrella cinerea in Kedong 
Ranch, Naivasha, Kenya (S 00° 53.04ʹ, E 036° 24.51ʹ). Kedong Ranch is a 30 000 ha privately-
owned ranch that lies at an altitude of between 1500 and 2200 m a.s.l. sandwiched between Mt 
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Kenya.  For the entire study period, we carried out fieldwork in a 5 km2 field of continuous natural 
grassland within the ranch. 
Since 2011, Red-capped larks in this population have been consistently captured and ringed 
with a numbered aluminium metal ring, in addition to a unique combination of three UV resistant 
color bands allowing individual identification. Biometric measurements of weight, head, wing 
length, and tarsus are also measured and blood samples are collected for all birds caught. In 
addition to capture data, breeding activity has been monitored continuously, recording all nests 
found and monitoring their subsequent fate whether successful or failed. All these combined 
efforts have resulted in the accumulation of no fewer than 800 nests monitored and over 600 birds 
caught, ringed and sampled. Through continuous monitoring, more than 5000 re-sightings have 
been recorded with an average of 8.8 ± 14.7 re-sightings per individual (range 1 - 105). 
Complementing the data on birds, their breeding history and movement, a local weather station 
(2011-2014, Alecto WS-3500, Den Bosch, the Netherlands; 2014-2018, Vantage Vue, Davis, the 
Netherlands) located at the field site is used to collect daily rainfall, minimum (Tmin) and maximum 
(Tmax) temperature weather data. Since the start of the study in 2011, to estimate invertebrate 
biomass as a proxy for food availability, pitfalls and sweep-nets were used to collect ground 
dwelling and flying invertebrates each month. This has resulted in a robust data set covering six 
years of continuous monitoring and sampling of birds across multiple life history stages of 
breeding, molting and non-breeding phases backed up by environmental data which we employ in 
this study.  
To evaluate phenotypic plasticity in response to current weather conditions versus 
evolutionary adaptation to long term weather patterns, we also obtained long-term rainfall, 
maximum and minimum daily temperature records for the years 1983-2012 from data collected at 
Sarah Higgins’ Kijabe farm located 10 kilometers from the field site.   
 
Figure 1: A composite figure of the study system showing the country where the study was 
carried out(top right), study species (top left), the field site (top center), and below starting from 
left weather station, pitfall invertebrate sampling, nest type, mist net capture method and 
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years of continuous monitoring and sampling of birds across multiple life history stages of 
breeding, molting and non-breeding phases backed up by environmental data which we employ in 
this study.  
To evaluate phenotypic plasticity in response to current weather conditions versus 
evolutionary adaptation to long term weather patterns, we also obtained long-term rainfall, 
maximum and minimum daily temperature records for the years 1983-2012 from data collected at 
Sarah Higgins’ Kijabe farm located 10 kilometers from the field site.   
 
Figure 1: A composite figure of the study system showing the country where the study was 
carried out(top right), study species (top left), the field site (top center), and below starting from 
left weather station, pitfall invertebrate sampling, nest type, mist net capture method and 







The aim of the current thesis is to investigate how nesting success varies with time and 
environmental conditions in a year-round breeding population in a stochastic environment and how 
the birds adjust their behavior and physiology to cope with the unpredictable environment. With 
breeding and non-breeding co-occurring year round, and breeding occurring without direct 
associations with rainfall, temperature, and invertebrate biomass, in chapter 2, we capitalize on the 
year-round breeding to better understand the factors that determine nest survival. This provides a 
shift from the usually reported pattern of occurrence and timing of breeding to the implication of 
timing on success. By shifting focus from timing of breeding to variation in nest success, we 
provide the first intensive long-term monitoring of nest fates in a tropical ground-breeding bird 
and, to the best of our knowledge, the first to investigate the effects of various socio-environmental 
factors on nest survival and daily nest survival rates in Afrotropical grasslands.  
In chapter 3 of this thesis, we exploit the opportunity to tease apart effects of breeding, food 
availability and weather conditions on home range and space use of Red-capped larks. We 
predicted that the costs and benefits associated with spacing behaviour, and with the closely related 
home range, change markedly with spatial and temporal variations of resources in the environment 
and with behaviour of conspecifics. Consequently, changes in the temporal and spatial distribution 
of critical resources should lead to differences in social organization and home ranges of individual 
birds.  
In chapter 4 and 5, we investigate how engaging in different life history stages irrespective 
of environmental conditions influences physiology of Red-capped larks by comparing body mass 
and immune indices of birds in differing life history stages at particular environmental conditions. 
Within these two chapters, building on the reported lack of relationship between breeding and 
environmental factors, we investigate if observed variation in body mass and immune function 
(representative of the current phenotype) is evolutionarily adapted to long-term weather patterns, 
and consequently mismatched with current weather conditions, or alternatively responds through 
phenotypic plasticity to current weather conditions.  
The last part of this thesis (chapter 6) provides a general discussion integrating the results 
from the four data chapters. In this last chapter, I highlight possible reasons why breeding of Red-
capped Larks in Kedong occurs year-round and propose predation and disease risk as the main 
drivers influencing phenotypic adjustments of body mass and immune function in response to the 
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Nest survival in year-round breeding tropical red-capped larks 
Calandrella cinerea increases with higher nest abundance but 
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